Sensitivity Index (VPSI) to find sensitive nodes for optimal placement of TCSCs. The proposed index is used to rank the buses according to their voltage sensitivity. Taguchi Method (TM) is used to find size of TCSCs to improve voltage stability margin and voltage profile of the system and to cope up the problem of line congestion. The proposed methodology has been tested on IEEE 14-bus test system to substantiate its applicability. 
I. INTRODUCTION
With increasing size of power system along with Technical, Economical and Environmental (TEE) constraints, the probable menace of voltage instability is prominent in the power system networks [1] . Many incidents related to voltage collapse have been reported worldwide [1] - [4] .
The problems related to voltage instability is related to inadequate reactive power supply, heavy loading on transmission lines, power shipping across long distances. To avoid voltage collapse either load is to be curtailed or Flexible Alternating Current Transmission System (FACTS) controller is to be placed at optimal locations. Introducing FACTS devices at appropriate locations are the most pragmatic way to enhance voltage profile, which in turn improves Voltage Stability Margin (VSM) [5] .
The suitable locations for placing FACTS devices for improving VSM are voltage-sensitive nodes [6] , [7] . In literature many researchers have reported methods or techniques to forecast voltage collapse and to identify weak nodes. Conventionally PV and QV curves were used to identify critical buses. These curves are generated through large data of repetitive load-flow solutions which require large time and also found to be computationally inefficient. Various other methods are also reported in literatures i.e. L-index [8] , modal analysis [9] , Line Collapse Proximity Index (LCPI) [10] The remaining paper is organized as follows: Section II present indices for identifying critical lines/buses. Section III presents Thyristor Controlled Series Compensation (TCSC) Modelling. In Section IV, proposed index is presented. In Section V problem formulation is discussed. Simulation results and discussions on IEEE 14-bus test system are presented to authenticate the feasibility in Section VI. Conclusion is presented in Section VII.
II. INDICES FOR IDENTIFYING CRITICAL LINES OR BUSES
Voltage stability indices identify the weakest node or the critical line denoted to that bus. Some of the wellknown indices are briefly described in this section.
A. PV Curve
PV curves shows variation in voltage of receiving end voltage with change in active power loading. Loading margin of a bus is distance of the current operating point in the PV curve with nose point. A system has as many P-V curves as there are lines in the system. Lower loading margin corresponding to a bus represents weak bus of the system. These curves are generally cast off to identify the loading margin of the power system [2] .
B. QV Curve
QV curve helps the operator to know the maximum reactive power which can be added to the bus before reaching to its critical limit. The distance of MVAr from operating point till end of QV curve is known as reactive power margin [2] .
The value of L-index varies between zero to one from no load to a maximum loading point. If the assessed value tending towards 1.0, it shows that the bus or node is critically stressed and voltage collapse may occur.
D. Modal Analysis
In this analysis, smallest Eigen value and its related eigenvectors are calculated. The Eigen value near to zero specifies that the system is on the verge of PoC and probability of instability is very high [9] . This proximity of PoC can be forecast through the assessment of positive Eigen value. The weakest bus of the system can be determined by computing the Eigen vector for different buses in the system.
III. TCSC MODELLING
The main advantage of using TCSC is voltage support. The TCSC, in combination with series capacitors, produce reactive power which increases with line loading, thereby alleviating voltage instability. The impedance model uses power flow concept to exemplify TCSC [11] , [12] . The reactance is evaluated through power flow, then its firing angle is determined by αTCSC. The TCSC reactance X TCSC1 is known as [13] :
where,
Thyristor controlled series compensator model is shown in Fig. 1 , and the Y Bus matrix for Fig. 1 can be given as [14] :
For inductive mode, 
where
At bus m subscripts k and m are swapped in eq. (4) and (5), whereas when TCSC control active power flow via bus k to bus m, the pair of linearized power flow equations are given as [15] , [16] : 
IV. PROPOSED INDEX
A new perception of sensitivity is introduced in this paper. Bus voltage for different loading condition is measured and then their average value is calculated. Deviation of average voltage from base case is defined as Voltage Power Sensitivity Index (VPSI). Nodes with higher deviations are more sensitive nodes.
Mathematically, the proposed voltage power sensitivity index (VPSI) can be represented by
where i represents number of buses, l represents loading state and TN B represents total number of buses. The index for every bus in the system is near to 0, the system is stable.
As the sensitivity of any bus is higher, it means the active power flow equation has greater impact on voltage profile of the system. Similarly, all buses are arranged in descending order of VPSI. Sizing of TCSCs is selected using Taguchi's method [17] . The problem formulation for identification of weak buses and computing the size of TCSC includes the following steps:
Step 1: For the base case system (considering without FACTS controller) the voltage profile is evaluated for each bus and is referred as voltage profile at base case.
Step 2: From calculations, Proposed VPSI is evaluate for each bus.
Step 3: Rank the critical buses in descending order based on VPSI.
Step 4: Finally using Taguchi Method (TM) optimal size of TCSC is identified.
The mathematical formulation is represented in following way:
Find X TCSC to Minimize VPSI, Subject to following constraints
where nb is the number of buses, P Gi and Q Gi are active and reactive power at generation end of i th bus. 
VI. RESULTS AND DISCUSSIONS
The proposed technique is tested on standard IEEE 14-bus test system as shown in Fig. 2 , in which the critical nodes and location of TCSCs are mentioned. Initially the weak buses are identified using proposed method and ranked on the basis of severity. The ranking is verified on the basis of existing standard P-V curve and L-index. Two most critical buses are chosen for placement of TCSC's and their sizing is computed using Taguchi method so as to improve VSM and line congestion. The results of simulation with TCSC's are also compared without TCSC's in the following section.
A. PV Curves
PV curve are plotted for each bus by raising real power load of the bus. Fig. 3 illustrates the PV curves for IEEE 14-bus test system. As seen from Fig. 2 , with an increase in loading factor λ, there is a dip in voltage profile of all buses. However, the rate of voltage decrement at bus 14 is quite high. Thus PV curve indicates that bus 14 is the most critical bus. 
B. L-Index
In Fig. 4 , L-index for each PV bus is plotted at different loading factors (λ). L-index of bus 14 is observed to be higher than other buses. As λ is increasing, the bus 14 is increasing rapidly towards PoC. Hence from voltage stability stand point, bus 14 is the most critical for the system. Other critical buses are also identified on the basis of Fig. 4 . 
C. VPSI Index
Proposed VPSI is evaluated for each bus and results are shown in Table I . The maximum value of VPSI is reported at bus 14. This reveals that the bus is the most critical for the system. Buses are ranked on the basis of proposed method which is shown in Table II 
D. Placement of TCSC Controller
The voltage sensitivity of each bus is evaluated on the basis of proposed sensitivity index. Buses are ranked according proposed sensitive index. Bus no 14 and 10 are two most sensitive buses as shown in Table II . Two TCSCs are chosen to be placed in line 13-14 and in line 10-11. Sizing of TCSCs are computed on the basis of Taguchi's method. TM provides two sets of reactance according to larger the better and smaller the better approach. These two cases are shown in Table III .
It is seen from Table III , that if case 1 is opted for placement of TCSC's, then the VPSI is higher which shows poor voltage profile and decreased voltage stability margin. Therefore, no fruitful results are obtained through Case 1. However if case 2 is selected, the VPSI is lower which shows that if TCSC's reactance are selected according to case 2, systems voltage profile and voltage stability margin will improve. Therefore, case 2 is an optimal choice for placement of TCSC's. Effect of placement of TCSCs on VPSI before and after TCSC placement is shown in Fig. 5 . It is clearly visible from Fig. 5 that the use of TCSC at the two weakest buses reduces the sensitivity index. The reduction in sensitivity index implies the improved voltage stability margin. The results are supported on the basis of L-index as shown in Fig. 6 .
The effect of TCSC's on voltage profile is also observed under different loading conditions. The voltage profile of most critical bus i.e. bus 14 is shown in Fig. 7 .
It shows that the use of TCSC controllers improve voltage profile of most of the buses in the system. For a particular loading factor it is observed that power flow in the lines 1-5 and 4-5 are above the line limits. Placement of TCSCs assists in alleviating the congestion of lines. Fig. 8 shows that after placement of TCSCs, power flow in all the branches are under their MVA limits and system is far away from congestion. Effect of TCSC's on other performance parameters of power systems can also be investigated.
